Introduction: The objective of the study was to investigate the efficacy and safety of repeated incobotulinumtoxinA injections for the treatment of upper-limb post-stroke spasticity in adults. Methods: Adults 18-80 years of age with poststroke upper-limb spasticity who completed the 12-week randomized, double-blind, placebocontrolled main period (MP) of a phase 3 trial (NCT01392300) were eligible to enrol in the
INTRODUCTION
Botulinum neurotoxin injections are a guidelinerecommended, first-line treatment for poststroke spasticity affecting the upper limb in adults [1] [2] [3] [4] . Currently, three serotype A botulinum neurotoxin preparations (incobotulinumtoxinA, onabotulinumtoxinA, and abobotulinumtoxinA) are approved in the US and European commercial markets for the treatment of upper-limb spasticity in adults.
IncobotulinumtoxinA (Xeomin Ò , Merz Pharmaceuticals GmbH) is a purified botulinum neurotoxin type A formulation that is free of accessory, complexing proteins. When compared with other pharmaceutical preparations of botulinum neurotoxin type A, incobotulinumtoxinA has the highest specific neurotoxin activity and a lower immunogenicity [5, 6] . Clinical studies have demonstrated the therapeutic equivalence of incobotulinumtoxinA to onabotulinumtoxinA when the same number of units was used to treat various neurologic conditions, including cervical dystonia and blepharospasm [7] [8] [9] [10] , as well as non-neurological conditions [11] [12] [13] .
Randomized, placebo-controlled clinical trials have previously demonstrated the safety and efficacy of a single incobotulinumtoxinA treatment, as noted by significant improvements in muscle tone, global and functional outcomes among subjects with post-stroke upper-limb spasticity, and treatment was well tolerated [14, 15] . However, patients with spasticity often require repeated, long-term botulinum toxin therapy [16] . In an open-label extension (OLEX) study previously conducted in Europe up to 69 weeks, repeated treatments with incobotulinumtoxinA resulted in sustained improvements in muscle tone among adults with post-stroke upper-limb spasticity and were also well tolerated [16] .
In this randomized, placebo-controlled phase 3 clinical trial with an OLEX (NCT01392300; EudraCT 2010-023043-15), the safety and efficacy of repeated incobotulinumtoxinA treatments in adults with post-stroke spasticity of the upper limb were investigated. Data from the main period (MP) have previously been published [15] ; here, we present data from the OLEX.
METHODS
The study design and MP results have previously been reported [15] , but the methodology is briefly summarized below.
This prospective study consisted of a parallel-group MP (12-week duration) with a single treatment of 400 U incobotulinumtoxinA or placebo (randomization ratio: 2:1). Subjects could continue into a 36-week OLEX to receive three further treatment cycles. Each cycle began with a single treatment session (400 U incobotulinumtoxinA), followed by 12 weeks of observation and assessment. The full study was conducted at 46 sites in the Czech Republic, Germany, Hungary, India, Poland, Russia, and the USA between September 2011 and February 2014 and in accordance with the Declaration of Helsinki. The study protocol, informed consent, and other appropriate study-related documents were approved by the independent ethics committees and institutional review boards responsible for each participating site.
Subjects and Treatment
The inclusion and exclusion criteria for the MP have been reported previously [15] ; briefly, adult subjects (18-80 years) with spasticity of the upper limb due to stroke (at least 3 months after the last stroke) were eligible for participation in the MP. Participants had to have a flexed elbow, flexed wrist, and clenched fist clinical pattern of spasticity with muscle tone score of at least 2 on the Ashworth Scale (AS) at each site, and a clinical need for a total dose of 400 U incobotulinumtoxinA into the affected upper limb. The primary criteria for inclusion in the OLEX were completion of the preceding 12-week MP interval and a clinical need (in the opinion of the local site investigator) for continued treatment with 400 U incobotulinumtoxinA in the affected upper limb; safety criteria (e.g., minimum body weight, negative pregnancy test) were also applied.
The OLEX was designed to closely mirror the treatment of upper-limb spasticity in everyday clinical practice. Whereas the study MP required a primary target clinical pattern to be chosen by the investigator and associated muscles treated using a predefined total fixed dose and range within the pattern [15] , in the OLEX the treatment of muscle groups associated with each clinical pattern of spasticity (e.g., flexed wrist, clenched fist, flexed elbow, pronated forearm, thumb-in-palm) was determined at the discretion of the investigator. Dosing was determined according to the subject's clinical need, within a range of doses predefined for each muscle ( Table 1 ). The total fixed dose for each OLEX injection cycle was 400 U. If the investigator determined at the 12-week follow-up for any given cycle that the subject did not require treatment with 400 U incobotulinumtoxinA, the subject exited the study. All injections were guided by electromyography, electrical muscle stimulation, or ultrasound.
Efficacy Assessments
Changes in muscle tone were assessed using the AS [17] [18] [19] , a 5-point scale for the quantitative determination of muscle tone ranging from 0 (no increase in muscle tone) to 4 (limb rigid in flexion or extension). AS assessments were performed prior to each injection and at follow-up Efficacy of the previous OLEX injection cycle was further evaluated using Global Impression of Change Scale (GICS) [15] . This subjective outcome measure was based on the investigator's clinical assessment of each subject's global change in upper-limb spasticity at the 4-week, follow-up visit when compared to the respective injection cycle baseline visit. GICS assessments were also completed by the subject and the subject's caregiver (if applicable). A 7-point, balanced Likert scale was used to quantify responses as follows: -3 = very much worse; -2 = much worse; -1 = minimally worse; 0 = no change; ? 1 = minimally improved; ? 2 = much improved; and ? 3 = very much improved.
Safety Assessments
Subjects were actively prompted to report any adverse events (AEs) during each visit or via telephone contact. A specific questionnaire designed to elicit information related to an AE of special interest (AESI), defined as an AE occurring after treatment that may indicate toxin spread within the injected limb or more diffusely, was administered to subjects at each visit. Standard physical and neurological examinations were performed at the OLEX interval visits. International normalized ratio and pregnancy testing, where applicable, were conducted prior to each study injection. Clinical laboratory evaluations included hematologic and chemistry blood tests at week 12 of each cycle, and assessments of glucose and alkaline phosphatase levels were additionally performed at week 4. Safety assessments also included testing for anti-botulinum neurotoxin antibodies at weeks 4 and 12 of each cycle by fluorescent immunoassay, and for those showing a positive result in the screening test for neutralizing antibodies, by mouse hemidiaphragm assay [20, 21] .
Statistical Analyses
The safety evaluation set (SES) was the subset of all subjects who were exposed to incobotulinumtoxinA at least once in the OLEX period. The full analysis set was the subset of SES subjects in the OLEX for whom at least one AS score value for the primary target clinical pattern was available in the OLEX and who were randomized after the amended MP protocol became effective [15] . Efficacy and safety data were analyzed descriptively, without imputation for missing data (observed case analysis). Changes in AS scores were analyzed using a Wilcoxon signed-rank test for specific pairwise comparisons.
RESULTS

Subjects and Treatments Administered
A total of 299 subjects who completed the placebo-controlled MP entered the OLEX at 46 investigational sites. Of these subjects, 296/299 (99.0%) received incobotulinumtoxinA in the OLEX, as three subjects did not require treatment with 400 U incobotulinumtoxinA 12 weeks after the MP and discontinued participation in the OLEX. Of the 296 subjects who received treatment during the OLEX, 99 subjects (33.4%) had been randomized to placebo during the MP. As a result of the study design, subjects who had received placebo in the MP received one fewer treatment with incobotulinumtoxinA over the entire study than those who had received incobotulinumtoxinA in the MP. A total of 248 subjects (82.9%) completed all three injection cycles during the OLEX period. Reasons for subject discontinuation included withdrawal of consent (n = 19), predefined discontinuation criteria (n = 13), AEs (n = 10, including four subject deaths that were unrelated to treatment), loss to follow-up (n = 6), lack of efficacy (n = 3), and noncompliance (n = 1). Four subjects died during the OLEX, none as a result of treatment-related events. Subject demographics were similar to those reported for the MP and are summarized in Table 2 .
During the OLEX, 296 subjects received at least one incobotulinumtoxinA treatment, 276 received at least two treatments, and 257 subjects received three treatments. In all but one case, where a subject received only 375 U, subjects who were treated during a given injection cycle received a total dose of 400 U incobotulinumtoxinA in a total volume of 8 mL.
Efficacy Outcomes
For all subjects in the OLEX, including those who received placebo in the MP, improvements in mean AS scores were observed during each injection cycle (Table 3) . Improvements were also observed at the 4-week post-injection visit compared with the MP baseline (Fig. 1a) and with each respective cycle's baseline visit (Fig. 1b) . During the first OLEX cycle, those who received incobotulinumtoxinA in the MP demonstrated similar changes in mean (standard deviation) AS score to those who received placebo in the MP (subjects treated in the first OLEX cycle, who had received placebo in the MP, at the 4-week post-injection visit compared with the MP baseline: wrist flexors, -0.8 (0.9) OLEX open-label extension period, SD standard deviation . Throughout the OLEX, there were no marked differences in AS responses between those in the two MP treatment groups. For all subjects in the OLEX, including those who received placebo in the MP, AS responder analysis revealed that repeated incobotulinumtoxinA treatments improved muscle tone from each treatment visit to the respective 4-week post-injection visit in all treated upper-limb muscle groups (P \ 0.0001 for all; Wilcoxon signed-rank test); however, the responses for the thumb and pronator groups were somewhat lower than for the other muscle groups (Fig. 2) . Across all clinical patterns, the proportions of responders were similar between the MP (incobotulinumtoxinA treatment group; N = 171) and subsequent OLEX cycles (Fig. 2) .
For all subjects in the OLEX, including those who received placebo in the MP, the mean investigator-assessed improvement on the GICS observed for each injection cycle was 1.6 points; similar improvements were noted for subjectand caregiver-assessed GICS scores across each injection cycle (Fig. 3a) . A high proportion of subjects ([85%) were considered at least minimally improved (i.e., a score of 1, 2, or 3) on the GICS for assessments by the investigator, subject, or caregiver during each injection cycle (Fig. 3b) . Frequency distributions by score for the investigator-assessed GICS were similar across cycles and consistent with those observed for the MP [15] : 31.6-36.5% were considered minimally improved; 49.7-53.7% were considered much improved; and 7.4-7.6% were considered very much improved.
Safety
The mean total doses administered to individual muscles during the OLEX were comparable between the three treatment cycles (Table 4) . AEs were recorded in 93 of 296 (31.4%) subjects throughout the three incobotulinumtoxinA (Table 5) . Treatment-related AEs were reported by 9/296 subjects (3.0%) across all treatment cycles, which was similar to the proportion of subjects reporting related AEs during the MP [15] . None of the treatment-related AEs were considered serious, and none of the four deaths were considered related to treatment (causes of death included acute myocardial infarction, pseudobulbar palsy [pseudobulbar syndrome as the result of vascular encephalopathy], cellulitis with septic shock and acute renal failure, and cardiac death [cardiac arrest]). All but one of the treatment-related AEs (increased level of c-glutamyl transferase) had resolved by the end of the study; however, this subject had a high c-glutamyl transferase level at study baseline. None of the AEs leading to premature discontinuation was considered treatment-related; these AEs included endocarditis, neck fracture, epilepsy and ischemic stroke, upper respiratory tract infection, dysuria, gastroesophageal reflux disease, and pneumonia/cerebral hemorrhage/respiratory failure. During the OLEX, observed AESIs included constipation (n = 5), diplopia (n = 1), muscular weakness (n = 1), pelvic floor muscle weakness (n = 1), and dyspnea (n = 1); however, not all AESIs were considered related to treatment (Table 5) . Throughout the study, there were no cases of clinical nonresponsiveness with a corresponding positive test for neutralizing antibodies.
During the OLEX, mean changes in vital signs (e.g., systolic and diastolic blood pressure, pulse, respiratory rate) were minimal, and median changes were zero. Body weight and BMI both increased nominally, by 0.2-0.4 kg and 0.1 kg/m 2 , respectively. For all clinical laboratory parameters, mean and median values were generally within normal ranges, with a few exceptions. Mean creatinine, c-glutamyl transferase, and glucose values were near or slightly above the upper limit of normal ranges in each OLEX injection cycles, whereas the median values for each of these parameters fell within the normal ranges. Hematologic assessments (e.g., differential blood counts) also fell within normal ranges. None of the observed clinical laboratory values suggested a tendency toward a systemic, clinically relevant change during the OLEX.
DISCUSSION
Results observed during this OLEX demonstrate that repeated injections enabled subjects to achieve improvements in muscle tone and the investigator's GICS scores at the 4-week postinjection visit of each cycle. At the conclusion of the MP and OLEX of this study, subjects had received 3-4 total injections of 400 U incobotulinumtoxinA over 48 weeks. Overall, the mean changes in AS scores and the proportions of AS responders across all clinical patterns of upper-limb spasticity investigated during the OLEX were similar to those observed in previous studies [14, 16] and the MP of this study [15] . The general trend of these observations was that the extended treatment stabilized the tone reductions following active treatment in the MP. Notably, for all five clinical patterns, baseline-to-baseline comparisons suggest that there may have been some cycle-to-cycle carryover effects. The changes in responder rates (number of subjects with at least a 1-point AS score change) in each OLEX cycle assessed at 4 weeks post-injection were statistically significant at the exploratory level (P \ 0.0001 vs cycle baseline throughout) for each of the five treated clinical patterns, with a lower response rate observed for the thumb and pronator muscle groups than for the other muscle groups. Assessments by the investigators, subjects, and caregivers using the GICS confirmed that the vast majority of subjects showed The volumes of incobotulinumtoxinA injected were similar between muscle groups and in all three injection cycles. The safety profile observed during the OLEX was similar to the study MP, with no new or unexpected AEs. Repeated incobotulinumtoxinA injections were well tolerated overall, consistent with previous studies of botulinum neurotoxin type A formulations in the treatment of post-stroke spasticity [14, 16, [22] [23] [24] [25] , including a study investigating the long-term safety of repeated high doses of incobotulinumtoxinA over 2 years [26] .
Study limitations previously discussed for the MP [15] also apply to the OLEX. The total dose and injection intervals were all fixed by the study protocol, and although the protocol allowed more flexibility with regard to the doses per muscle for the OLEX, the treatments administered may not be entirely reflective of clinical practice. In real-world settings, the severity and pattern of upper-limb spasticity can differ markedly from patient to patient, and physicians may vary doses and injection intervals to meet individual patient needs. Indeed, a recent survey of physicians treating spasticity with botulinum neurotoxin injections reveals a common belief that better outcomes are linked to individualized dosing regimens, which may include shortening injection intervals to minimize the risk of wear-off phenomenon [27] . A recent study showed that a higher total dose results in improvements in muscle tone, goal attainment, and other functional measures [28] . Given the low immunogenicity of incobotulinumtoxinA [29] , emerging literature Overall, these data support previous findings that incobotulinumtoxinA improves muscle tone in post-stroke upper-limb spasticity and confirm that repeated incobotulinumtoxinA injections at 12-week intervals are well tolerated, safe, and effective for the treatment of post-stroke upper-limb spasticity in adults.
CONCLUSIONS
Repeated injections of 400 U incobotulinumtoxinA in the upper extremities at regular 12-week intervals over 36 weeks led to significant and sustained improvements in muscle tone and meaningful investigator-assessed clinical improvements overall. Treatment was well tolerated, with no serious treatment-related AEs. These results support and extend previous findings from randomized controlled trials demonstrating that incobotulinumtoxinA is a safe and effective treatment for post-stroke upper-limb spasticity in adults.
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